We report, what is to our knowledge, the first experimental realization of partially coherent bottle beams. It is shown that partially coherent bottle beams can be achieved by the focusing of partially coherent light with an axicon-lens system. The influence of the spatial coherence of the incident partially coherent light and other parameters, such as the radius of the limiting aperture of the axicon and the distance between the axicon and the lens, on the size of the bottle beams is investigated. We find that the longer the spatial coherence length, the larger the size of the resultant bottle beams. This dependence of the size of the bottle beams on the spatial coherence of the incident light provides a facile approach for generating adjustable partially coherent bottle beams. This kind of partially coherent bottle beam may have applications in atom optics, such as in atom trapping and atom guiding, etc.
Introduction
In recent years, a special kind of beam, called the bottle beam, has attracted much attention, and the techniques for generating these beams have become popular research topics in optical engineering as well as in various fields of basic scientific research. [1] [2] [3] [4] [5] [6] [7] [8] A bottle beam is actually a special intensity distribution in which a dark focus is surrounded by regions of higher intensity. [2] [3] [4] This kind of beam has been used in atom optics, such as in atom trapping and atom guiding. 2, 5 In the early stages of research in atom optics, a focused red-detuned Gaussian laser beam was the first scheme chosen to trap cold atoms (or molecules). 9 Optical dipole traps rely on the force experienced by the atoms in a far-detuned radiation field, and the atoms are confined where the intensity reaches its maximum. This limits the trap lifetime, and, moreover, because the atoms spend most of their time in a strong radiation field, energy levels are deeply disturbed by the ac Stark effect. Another optical dipole trap scheme is based on a bottle beam. It has been demonstrated that a bottle beam is an efficient scheme for trapping cold atoms, in which the radiation field is detuned to the higher-frequency side of an atomic transition, so that it is possible to confine the atoms in low-intensity regions. Long trap coherence times and very little perturbations on hyperfine atomic levels can be achieved in blue-detuned optical dipole traps. We notice that the generated bottle beams are almost spatially completely coherent. It has been proved that partially coherent light has advantages over spatially completely coherent light. Partially coherent light suffers fewer harmful effects, such as low sensitivity to the speckle. However, until now few papers have dealt with the potential applications of partially coherent light in atom optics and optical tweezers. 10 -12 To the best of our knowledge, only one paper studied partially coherent bottle beams theoretically. 12 In this paper we will experimentally investigate the generation of partially coherent bottle beams. It will be shown that partially coherent bottle beams can be achieved by the focusing of partially coherent light with an axicon-lens system. The influence of the spatial coherence of the incident partially coherent light and the other parameters on the generated partially coherent bottle beams will be studied, and the experimental results show that the change of the spatial coherence, or of the other parameters, will result in a change of the parameters of the bottle beams. Therefore, this provides us with a facile approach to obtaining partially coherent bottle beams with adjustable sizes. This novel kind of bottle beam is shown to have some advantages over completely spatially coherent bottle beams, such as less sensitivity to speckle. Therefore they may be used in atom optics in the future.
Experimental Setup and Experimental Results
The experimental setup is shown in Fig. 1 , in which a He-Ne laser delivers a Gaussian beam of wavelength ϭ 632.8 nm, and the Gaussian beam is focused by a lens onto a rotating ground glass. The beam profile on the ground glass is Gaussian, i.e.,
where I 0 is a positive constant denoting the on-axis intensity, w 0 is the beam width of the beam on the ground glass, and is the module of the position vector on the plane of the ground glass. We measured the beam width and obtained w 0 ϭ 0.15 mm. The light from the rotating ground glass can be viewed to be spatially incoherent. Based on the van Cittert-Zernike theorem, after propagating the distance d in free space, the light reaching an axicon becomes partially coherent. 13 Partially coherent bottle beams can be generated by the focusing of partially coherent light with the axicon-lens system. z 0 is the distance between the axicon and a focusing lens L 2 . A CCD connected to a computer is used to record the resultant bottle beams. The light from the rotating ground glass can be viewed as spatially incoherent, and, after propagating the distance z in free space, the light just in front of the axicon becomes partially coherent, and the degree of coherence of the partially coherent light on the axicon can be evaluated by the van Cittert-Zernike theorem as follows 13 :
Here J 0 ͑·͒ is the Bessel function of order zero. After a straight calculus calculation, we can obtain
where
is the effective coherent length. r 1 and r 2 are two position vectors on the axicon plane, and ⌬r ϭ r 1 Ϫ r 2 . It is found from Eqs. (3) and (4) that the degree of coherence of the partially coherent light in front of the axicon plane is of a Schell-model type and the effective coherent length is dependent upon the wave- number k, the beam width of the focused Gaussian beam on the ground glass, and the distance between the ground glass and the axicon. From Eq. (4), we find that the effective coherent length is proportional to d and inversely proportional to w 0 . This indicates that the increase of d (or the decrease of w 0 ) can result in the increment of . This may provide us with a facile approach to changing the spatial coherence of the incident partially coherent light in order to achieve adjustable partially coherent bottle beams. Figure 2 records the transverse intensity distribution at six different z planes, in which a partially coherent bottle beam is produced. It is shown that the partially coherent bottle beam, the dark focus surrounded by regions of higher intensity, has been achieved. As we know, the partially coherent light is less sensitive to speckle; therefore the generated partially coherent bottle beam has an advantage over the completely coherent one.
The size of the generated partially coherent bottle beam is an important parameter. In Fig. 3 , we plot the longitudinal width W L [ Fig. 3(a) ] and the transverse width W T [ Fig. 3(b) ] of the bottle beam as a function of the spatially coherent length () of the incident partially coherent light at three different limiting aperture radii. It is shown that both the longitudinal width W L and the transverse width W T increase in increments of . It is also shown that the larger limiting aperture results in a larger longitudinal width. From Fig. 3(b) , we may find that the transverse width W T seems to be independent of the limiting aperture. This property can be found by the ray-tracing method of geometrical optics, as given in Ref.
14. This may provide us with an approach to changing the desired shape of the bottle beam.
In Fig. 4 the dependence of the longitudinal width W L and the transverse width W T of the bottle beam as a function of Z 0 at three different radii of the limiting aperture is shown. It is found that both the longitudinal width W L and the transverse width W T decrease with increasing Z 0 and that, for a fixed Z 0 , the larger the radius of the limiting aperture, the smaller the size of the partially coherent bottle beam generated.
Conclusions
In this paper, we have reported what is to our knowledge the first experimental realization of the generation of partially coherent bottle beams by the focusing of partially coherent beams with an axiconlens system. Compared to a spatially completely coherent bottle beam, as described in Ref. 14, the generated partially coherent bottle beam in this paper exhibits less sensitivity to the speckle. On the other hand, the size of the partially coherent bottle beam can be adjusted not only by changing the radius of the limiting aperture of the axicon and the distance between the axicon and the lens but also by changing the spatially coherent length. Therefore this approach for generating the bottle beam is more flexible than that given in Ref. 14, and this kind of partially coherent bottle beam may have applications in atom optics, such as in atom trapping and atom guiding.
